Abstract Mineralogical and petrographical investigation of two loessic brickearth profiles from Ospringe and Pegwell Bay in north Kent, UK have differentiated two types of brickearth fabric that can be correlated with different engineering behaviour. Both sequences comprise metastable (collapsing) calcareous brickearth, overlain by noncollapsing 'non-calcareous' brickearth. This study has demonstrated that the two types of brickearth are discretely different sedimentary units, with different primary sedimentary characteristics and an erosional junction between the two units. A palaeosol is developed on the calcareous brickearth, and is associated with the formation of rhizolithic calcrete indicating an arid or semi-arid environment. No evidence has been found for decalcification being responsible for the fabric of the upper 'non-calcareous' brickearth. Optically-stimulated dates lend further support for the calcareous and 'non-calcareous' brickearth horizons being of different age or origins. The calcareous brickearth is metastable in that it undergoes rapid collapse settlement when wetted under applied stresses. It is characterised by an open-packed arrangement of clay-coated, silt-sized quartz particles and pelletised aggregate grains (peds) of compacted silt and clay, supported by an interped matrix of loosely packed, silt/fine-grained sand, in which the grains are held in place by a skeletal framework of illuviated clay. The illuviated clay forms bridges and pillars separating and binding the dispersed component silt/ sand grains. There is little direct grain-to-grain contact and the resultant fabric has a very high voids ratio. Any applied load is largely supported by these delicate clay bridge and pillar microfabrics. Collapse of this brickearth fabric can be explained by a sequence of processes involving: (1) dispersion and disruption of the grain-bridging clay on saturation, leading to initial rapid collapse of the loosepacked inter-ped silt/sand; (2) rearrangement and closer stacking of the compact aggregate silt/clay peds; (3) with increasing stress further consolidation may result from deformation and break up of the peds as they collapse into the inter-ped regions. Smectite is a significant component of the clay assemblage and will swell on wetting, further encouraging disruption and breaking of the clay bonds. In contrast, the 'non-calcareous' brickearth already possesses a close-packed and interlocking arrangement of silt/sand grains with only limited scope for further consolidation under load. Minor authigenic calcite and dolomite may also form meniscus cements between silt grains. These have either acted as ''scaffolds'' on which illuviated clay has subsequently been deposited or have encrusted earlierformed grain-bridging clay. In either case, the carbonate cements may help to reinforce the clay bridge fabrics. However, these carbonate features are a relatively minor 
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Introduction
Loess and loessic soils are aeolian deposits typically consisting of highly porous soil fabrics dominated by silt-sized quartz particles. In the UK, Quaternary loessic deposits occur as discontinuous 'spreads' across southern and eastern England, and parts of Wales and the English Midlands ( Fig. 1) , and are variably represented on British Geological Survey maps as 'Brickearth,' 'Head Brickearth,' 'Head Silt' or as specific local formations such as the 'Enfield Silt,' 'Crayford Silt' and 'Langley Silt.' The nature and composition of these loessic brickearths bear close similarities to the much thicker and widespread loess deposits found in abundance in the major loess regions of North and South America, Europe including western Russia, Central Asia and China. In the UK, substantial thicknesses ([1 m) are generally restricted to north and east Kent (Pitcher et al. 1954; Fookes and Best 1969; Derbyshire and Mellors 1988) , south Essex (Northmore et al. 1996) and the Sussex coastal plains (Catt 1977 (Catt , 1988 Ballantyne and Harris 1993) . Up to 8 m of brickearth have been found filling buried erosional channels in Essex, although thicknesses of 4 m or less are more common (Northmore et al. 1996) . Most of the exposed loess/brickearth soils in Britain are probably of late Devensian age, deposited largely during the Dimlington Stadial (c. 14,000 to 25,000 years BP) and to a lesser extent during the Loch Lomond Stadial (10,000 to 11,000 BP) (Kerney 1965; Catt 1977; Ballantyne and Harris 1993; Antoine et al. 2003) . A gradual southward and westward decrease in particle size, together with heavy mineral and other mineral tracer studies suggest the loess of eastern and southeastern England was deposited by northeasterly winds. These re-worked silt materials are from outwash sandurs and glacigenic deposits around the North Sea Basin lobe of the Late Devensian ice-sheet (cf. discussions in Ballantyne and Harris 1993 and Antoine et al. 2003 and references therein) . Subsequent re-working of these aeolian sediments through solifluction, colluvial and alluvial processes has produced a range of deposits variously described as 'brickearth,' 'head brickearth,' 'river brickearth' or 'loam' (Dines et al. 1954; Ballantyne and Harris 1993; Bell et al. 2003; Jefferson et al. 2003) . Some loess was also deposited during the Early Devensian and pre-Ipswichian periods (Parks and Rendell 1992) . The deposits may once have been extensive, but as a result of erosion and re-working they are now preserved only as isolated remnants; for example, in Jersey or in dolines in the chalk of the Chiltern Hills Rendell 1988, 1992; Antoine et al. 2003; Bates et al. 2003) .
Loess and loessic soils characteristically possess highly porous metastable grain fabrics with relatively low densities, and commonly have void space in their undisturbed state sufficient to hold their liquid limit water content at saturation (Bell and Culshaw 2001; Jefferson et al. 2001; Bell et al. 2003) . Normally these materials are well drained and, while in their natural, low-water content phase, possess high apparent strength. However, they have the potential to undergo rapid collapse and settlement when saturated under applied loads, a process referred to as hydroconsolidation or hydrocollapse (Derbyshire et al. 1994; Klukanova and Sajgalik 1994; Rogers et al. 1994) .
Although a less significant problem in the UK than in other loess regions of the world, loess collapse still causes damage locally with significant financial repercussions (Cattell 1997) . However, not all loess brickearth deposits display collapse behaviour, and the mechanisms of loess metastability and subsequent collapse potential are still not fully understood (Derbyshire and Mellors 1988; Gao 1988; Bell et al. 2003 and references therein) . It is important, therefore, that ground investigations in loessic brickearth deposits are focussed on establishing the distribution and thickness of these materials and, in particular, on identifying and characterising zones that are potentially metastable across a site within which engineering works are planned.
To further understand the collapse behaviour, and to develop techniques for defining the distribution of collapsible loessic deposits, a NERC-funded research study (involving a monitored field collapse test) was undertaken within loessic brickearth deposits at Ospringe in north Kent (Northmore et al. 2008; Gunn et al. 2006; Jackson et al. 2006; Zourmpakis et al. 2006) . As part of this research programme, the mineralogical and petrographical characteristics of the brickearth from this site were investigated, together with supporting observations from other brickearth localities in southeast England (Fig. 1) , to help Catt 1977 Catt , 1988 ) and locations of 'Brickearth' sampling and study sites The mineralogy and fabric of 'Brickearths' in Kent 1189 interpret the variation in geotechnical properties in relation to the composition and fabric development of the brickearth. These mineralogical studies and their influence on engineering behaviour are described in this paper.
Description of the study sites
Investigations focused on the north Kent brickearth sequences at Ospringe near Faversham and Pegwell Bay, powdery white needle-fibre calcite. c White subvertical denselycalcified root structures can be seen in the lower calcareous brickearth which are truncated at the erosional interface, defining the base of the 'non-calcareous' brickearth (Ospringe, Pit 2). d Discontinuous, fine, white, horizontal calcified rootlets forming a distinct 'root mat' horizon within the middle part of the calcareous brickearth (note the lack of rootlets seen below this zone) (Weir et al. 1971) . The top surface of the brickearth at Ospringe may be of similar age
Upper 'non-calcareous' brickearth 0.4-2.1 Well-drained, yellowish brown, firm clay/silt with close-spaced prismatic fissuring. Undulating base of the unit is very sharp, and is differentiated from underlying calcareous brickearth by a marked colour contrast across this interface (Fig. 3a) that varies between about 2.0-2.5 m in depth across the site. Rare, angular clasts of fine to medium flint gravel (2-10 mm) occur scattered within the basal 40 mm of the unit. Abundant, sub-vertical root channels, mostly between 2-10 mm diameter, penetrate from the top to the base of the unit, continuing just into the top of the underlying calcareous brickearth (Fig. 2 ). These are lined or filled by porous and fibrous carbonaceous relict root material, or spongy, relict, woody roots up to 3 mm diameter. Many root channels are open and can contain small (\8 mm) fragments of chalk and flint (and near the top, red brick) derived from the overlying topsoil. Although the matrix of the clay/silt is essentially non-calcareous, many of these hollow root channels in the lower 0.5 m of the unit are lined or partially filled by white, powdery and porous, fine needle-fibre calcite (similar to that more extensively developed in the 'non-calcareous' brickearth at Pegwell Bay, see Fig. 3b ). The carbonaceous root channels are truncated by the very sharp base of the topsoil but may be exploited by modern grass and cereal crop roots. The old 'carbonaceous' root channels reflect vegetation growth on the surface of the upper brickearth, whilst modern roots derive from the present topsoil
Lower calcareous brickearth 2.1-3.0 Well-drained, pale yellowish brown to yellowish grey, firm calcareous clay/silt with occasional scattered angular fine to medium flint gravel, up to 10 mm diameter. Very fine (1-2 mm thick) clay laminae occur below about 2.35 m. Three distinct zones can be distinguished:
2.1-2.5 m Vertical 'rhizolithic calcrete' zone: dominated by abundant vertical/sub-vertical white, calcified rootlets. In contrast to the needle-fibre calcite lining root channels in the overlying 'noncalcareous' brickearth, the calcite cementing these calcified root channels is relatively dense and non-porous. Small white nodules of calcite 1-5 mm diameter are developed in clusters and patches in the brickearth around rootlets between 2.1 and 2.3 m depth. The calcified root structures, typically between 1 and 5 mm diameter and mostly up to 0.25 m in length, are best developed in the upper 0.4 m of the calcareous brickearth unit, Below 2.3 m, the abundance of vertical calcified rootlets and calcite nodules decreases significantly. However, occasional larger calcified root structures up to 10 mm diameter and over 1 m in length penetrate the underlying Thanet Formation. Within the calcareous brickearth, the vertical rootlets are mostly undisrupted but are truncated or 'planed-off' at the interface with the overlying 'non-calcareous' brickearth ( Fig. 3c) . This zone appears to be laterally extensive and occurs throughout the site 2.5-2.75 m Horizontal 'rhizolithic calcrete' zone: dominated by a meshwork of locally abundant, very fine, white, calcified horizontal rootlets or root channels, typically about 1 mm diameter, forming a 'calcified root mat.' Rare, thicker (up to 5 mm diameter) subhorizontal calcified roots may occasionally be present. The individual rootlets are usually discontinuous or broken up (Fig. 3d) , and the layer is penetrated and cut through by isolated, large, vertical calcified roots from above. Thin (5-10 mm) and discontinuous lenses of clay are sometimes present. This horizontal 'root mat' horizon appears to be of limited lateral extent and was not observed in Pit 2. However, a discrete horizon of rounded to irregular calcrete nodules or calcite concretions up to 20 mm diameter were recorded at a similar depth from Pit 2, at 0.6-0.7 m below the top of the calcareous brickearth. The nodules display branched growth parallel to bedding, and locally coalesce to form a weak and discontinuous 'rubbly' layer. The vertical calcified roots largely terminate at, or merge with, this nodular calcrete layer, with only a few larger structures penetrating deeper 2.35-3.0 Cryoturbated zone cryoturbated sequence, with contorted, non-systematically folded and disrupted fine (1 mm scale) clay laminae. These deformed fabrics are overprinted and cut by the undistorted later horizontal and vertical rhizolithic calcrete. Rare sand-filled wedge-like fissures (ice-wedges) are also observed in Pit 2
The mineralogy and fabric of 'Brickearths' in Kent 1191 supplemented by limited observations made on a small number of samples of calcareous brickearth samples collected from southeast Essex, West Sussex and Paignton (south Devon) (Fig. 1) . The Ospringe and Pegwell Bay sites are described below. It should be noted that in the descriptions provided, distinction is made between upper non-calcareous and lower calcareous brickearths. Despite being described as 'non-calcareous,' our petrographical analyses showed that the presence of primary detrital carbonate grains (including chalk and foraminifera fragments in a micritic calcite matrix) are present in the upper brickearth, but as accessory components only. This is in marked contrast to the much more dominant calcareous component of the lower brickearths. 
Pegwell Bay
Brickearth deposits are exposed in the sea cliffs on the north side of Pegwell Bay, between Ramsgate and Pegwell, where they overlie silty calcareous clays and fine sands of Thanet Formation strata of variable thickness resting on the frost-shattered Upper Chalk (Pitcher et al. 1954; Kerney 1965; Weir et al. 1971; Catt 1977; Antoine et al. 2003) . Soliflucted channel sands with lenses of gravel also occur intermittently cut into the Thanet Formation, and along with the underlying Chalk and Thanet Formation are cryogenically disturbed and convoluted (Kerney 1965) . A 1.6-m sequence of brickearth was examined from a bench section cut into well-exposed clifftop sediments, sited just above the disused beach access tunnel near Cliffsend (National Grid Reference TR 635586 164364). The base of the brickearth was not exposed in the bench, and therefore its relationship with the underlying Thanet Formation was not seen. The section displays features broadly similar to the Ospringe site with a discrete upper 'non-calcareous' brickearth and a lower calcareous brickearth. The sequence is summarised in Fig. 2 and described in detail in Table 2 . 
Samples and analytical methods

Bulk mineralogical characterization
Whole-soil and clay mineralogy of the brickearths were determined by X-ray diffraction (XRD) analysis of bulk soil and \2 lm orientated fraction material, respectively. In addition, XRD analysis was undertaken on small amounts of white fibrous/powdery mineral coatings lining root channels and fissures following careful separation and preparation. XRD analyses were conducted using a Philips PW1700 series diffractometer fitted with a cobalt-target tube and operated at 45 kV and 40 mA. Errors for the quoted mineral concentrations are around ±5 % accuracy for quartz, calcite, hematite and dolomite. Larger errors are possible for 'mica,' chlorite, smectite, kaolinite, amphibole and feldspar concentrations. The relative proportions of clay minerals present in the \2 lm fractions were determined by modelling of their XRD profiles using Newmodfor-Windows TM software . The procedure followed for modelling the individual clay mineral species established mineral reference intensities that were used for quantitative standardisation following the method outlined in Moore and Reynolds (1997) .
Total (internal and external) mineral surface areas were determined by the ethylene glycol monoethyl ether (EGME) sorption under vacuum method (Carter et al. 1965) . The surface area of a sample can provide a useful estimate of its smectite content since smectite has a high surface area (800 m 2 /g), whereas other clay minerals and quartz have lower surface areas typically\100 and 1 m 2 /g, respectively. (Fig. 3b ) but the soil matrix is otherwise non-calcareous. Needle-fibre calcite disappears as the brickearth grades into the palaeosol horizon above. Modern roots also penetrate this brickearth but are less abundant than in the overlying 'disrupted brickearth' or palaeosol horizon. Vertical burrows (up to 12 mm diameter) partially filled with pale grey-brown clay, occur in the lower part of the unit and penetrate into the top of the underlying calcareous brickearth. Cavities in these burrows are lined by white needle-fibre calcite. As at Ospringe, the base of the unit has a very sharp, slightly undulating base, which is differentiated from the underlying calcareous brickearth by a marked colour difference ( Fig. 3b) Lower calcareous brickearth
Well-drained, firm pale yellowish brown to yellowish grey, calcareous silt. A zone of rhizolithic and fine nodular calcrete is developed in the upper 9 cm of the unit, with abundant vertical calcified rootlets, 10-20 mm long and 0.5-1 mm diameter, with finer lateral calcified rootlets and root hairs. Small nodules of calcite (1-3 mm diameter) are common and tend to be clustered around the calcified roots. Occasional larger calcified roots up to 5 mm diameter penetrate to [1.6 m depth. The calcified roots are characterised by a concentric, laminated micritic calcite fill. They are truncated and planed-off at the contact with the overlying 'non-calcareous' brickearth, clearly indicating that this lithological boundary is an erosional surface. The fine nodular calcrete is absent below 1.3 m. However, a discrete layer of coarser calcite concretions or calcrete nodules occurs at a depth of 1.60 m, at the base of the exposed profile. These nodules are 5-40 mm in diameter, rounded to irregular and elongated and branched parallel to the bedding. The larger vertical calcified roots appear to terminate at, or merge with, the nodules in this horizon
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Petrographical analysis
Undisturbed blocks of soil were collected for petrographical analysis using 100 9 50 mm thin-walled aluminium sampling boxes (Kubiëna tins). These were inserted into the face of the soil profile by cutting the soil from around the margins of the tin with a knife, whilst gently pressing the tin into the exposed soil face. Once emplaced, the soil tin containing the intact soil block was carefully excavated from the soil, trimmed and tightly sealed. Polished thin sections were prepared from these preserved samples following air-drying at room temperature and stabilization by vacuum impregnation with epoxy-resin. A blue dye was added to the epoxy resin to enable any porosity to be readily identified during examination in transmitted light under the optical petrological microscope. Optical cold-cathode cathodoluminescence microscopy (CL) was used to examine calcite cement fabrics. High-resolution mineralogical and petrographical observations were undertaken by backscattered scanning electron microscopy (BSEM) using a LEO435VP variable pressure scanning electron microscope (SEM). The SEM instrument was operated using a 10-20 kV electron beam and beam currents of 300-600 pA, and under low vacuum (0.3 torr), enabling the thin sections to be imaged without the need for carbon coating required in conventional (high-vacuum) SEM analysis (Large et al. 2001) . Grain fabrics and pore morphologies were also examined by SEM using secondary electron imaging of freshly broken surfaces of intact brickearth. In addition, SEM observations were made of disaggregated silt and sand grain surfaces, following cleaning and removal of clay/iron oxide coatings by ultrasonic dispersion of the sediment samples in deionised water. These samples were vacuumcoated with carbon for high-resolution, conventional highvacuum SEM observation. SEM images were recorded using an electron beam accelerating voltage of 10-20 kV and beam currents of 50-200 pA.
Mineral identification was aided by qualitative energydispersive X-ray microanalyses (EDXA) acquired during SEM and BSEM imaging using an Oxford Instruments ISIS300 EDXA system with a Si-Li X-ray detector.
Optically-stimulated luminescence dating A limited dating study was made to try to establish the age relationships between the 'non-calcareous' and calcareous brickearths horizons at Ospringe and Pegwell Bay (two samples from each site). Large 100 9 100 mm aluminium Kubiëna boxes were used to collect undisturbed samples of loessic brickearth from freshly cleaned soil faces just above and just below the interface between the two brickearth horizons. The sample tins were capped with tightly fitting aluminium lids and sealed with black adhesive tape to keep out light. Horizontal holes were augered into the soil face at each sampling point and a gamma spectrometer probe inserted to record the in situ gamma radiation dose from surrounding soil mass. The samples were analysed by optically stimulated luminescence (OSL) technique at the University of Nottingham. OSL analyses were performed on the 4-11 lm fine silt fraction (both polyminerals and quartz extracts) and on the 35-50 lm modal quartz fraction after treatment to remove feldspars. Full details of the OSL dating study of the brickearths are described by Clarke et al. (2007) .
General mineralogical characteristics
Whole-soil, clay mineral data, total clay content and EGME surface area information for the brickearth from Ospringe and Pegwell Bay are presented in Table 3 . The whole-soil mineralogy of the brickearth is broadly similar at both sites, comprising: 50-75 % quartz; 3-10 % K-feldspar; 2-9 % plagioclase (albitic); 9-17 % 'mica' (including muscovite, biotite and illite, undifferentiated by whole-soil XRD); minor kaolinite and smectite. Traces of chlorite and hematite were also detected in the upper part of the Pegwell Bay sequence, and were observed in thin sections from both sites. In addition, traces of amphibole were found in some samples from Ospringe, and rutile was identified as a trace mineral at both sites. A very small amount of halite was detected in samples of the lower (calcareous) brickearth at Pegwell Bay. This is a residue from sea-spray as this is a cliff-top site. The \2 lm 'clay fraction' XRD data, together with total clay content values determined from grain size analysis (Table 3 ), indicate that clay minerals and the poorly-ordered smectite in particular may be underestimated by the whole-soil XRD analyses. However, the \2 lm fraction XRD data does not take into account the clay-sized quartz that is present in these loessic sediments, which will reduce the actual clay mineral concentration. Furthermore, the modelling used to quantify the whole soil mineralogy does not adequately handle the turbostratic crystal structure of smectite. The clay mineralogy is dominated by smectite (38-84 %), with subordinate illite (5-34 %) and kaolinite (9-27 %) and minor chlorite (0-10 %). In the case of the Ospringe site, these data suggest that smectite may contribute between 6 and 21 % of the total sediment mass (assuming no \2 lm quartz is present), which is consistent with the moderately high EGME surface area values observed (Table 3) . Brickearths from Pegwell Bay have lower surface area values than comparable sediments at Ospringe, which might be indicative of a slightly coarser grain-size. Table 3 Summary XRD mineralogy, EGME surface area and clay content (determined from particle size) data for Ospringe and Pegwell Bay The mineralogy and fabric of 'Brickearths' in Kent 1195
Significant variations in mineralogy with depth are observed at both sites, particularly for carbonate minerals (Table 3 ). The principal variations in the Ospringe sequence are summarised in Fig. 4 . The lower brickearth unit is characterised by significant calcite (calcareous brickearth). Calcite concentration (which is \0.5 % in the Thanet Formation and overlying ferruginous silty gravel) progressively increases from 4 % at the base of the brickearth sequence to a peak of about 13 % corresponding to the maximum development of the 'vertical rhizolithic calcrete zone' (2.1-2.5 m) at the top of the lower brickearth unit (Figs. 2, 4) . However, the calcite content falls sharply from its peak value (13 %) at the top of the calcareous brickearth to 0 % in the overlying ('non-calcareous') brickearth unit. The disappearance of calcite coincides precisely with the 'planed-off' eroded top of the rhizolithic calcrete zone (Figs. 2, 4) . Dolomite is also present and follows a similar trend to calcite, rising from 0.6 % in the Thanet Formation to about 4 % at the top of the calcareous brickearth, before falling sharply to\1 % in the overlying 'non-calcareous' brickearth. However, XRD analyses also indicate that trace amounts of dolomite persist throughout the upper brickearth unit. Quartz, and clay content distributions display an antithetic relationship to that of calcite (Fig. 4) , representing the 'dilution' effect of the calcite. Surface area broadly follows the clay content, and will be influenced by the abundance of high surface area clay minerals such as smectite (Fig. 4) . Similar mineralogical differences are observed in the Pegwell Bay brickearth, with calcite and dolomite present in the lower part of the sequence, coinciding with the development of rhizolithic and nodular calcrete but absent (apart from a trace of calcite) in the overlying 'non-calcareous' brickearth, their disappearance coinciding with the interface between the upper and lower brickearth units.
If allowance is made for the dilution effect due to the development of the carbonate minerals, then an overall trend of increasing clay content and quartz is observed from the base to the top of the brickearth sequence at Ospringe (Fig. 4) . Within the \2 lm fraction, there is also a slight progressive increase upward through the brickearth profile for illite and, more subtly, kaolinite. In contrast, smectite shows a twofold decrease in concentration from the base to the top of the brickearth sequence. Intermittent large decreases in clay content are indicated at 1.3 and 0.6 m in the upper brickearth (Fig. 4) but are not reflected in the trends for quartz, clay mineralogy or surface area. Petrographic observations show that these intervals coincide with an increase in silt-and fine sand-size components (compare Fig. 5a, b) . Furthermore, patchy fine or amorphous iron oxide (or oxyhydroxide) cement (Fig. 5a ) is more abundantly developed in these coarser silt horizons and towards the top of the 'non-calcareous' brickearth. This cement inhibits dispersion and desegregation of fine silt and clay during particle size analysis, giving rise to anomalous and apparently low clay contents. The silt-and sand-sized material is dominated by angular quartz with minor K-feldspar, albitised plagioclase, and chert fragments. However, the brickearth also contains scattered wellrounded and often oxidized glauconite grains (Fig. 5c) , and highly altered and ferruginous smectite-replaced clasts (Fig. 5d ) that probably represent altered fragments of volcanic glass. These are more common in the lower calcareous brickearth and in the sporadic coarser sandier intervals in the overlying 'non-calcareous' brickearth. Well-rounded detrital calcareous lithic grains are occasionally observed in both the upper and lower brickearth units. These comprise microporous micrite (chalk) often containing foraminifera tests. No evidence is seen in thin sections for dissolution of the carbonate clasts in either brickearth unit. Similar features are seen at Pegwell Bay. Erosion and re-working of the underlying Thanet Formation is the most likely source of smectite, glauconite, altered volcanic glass and chert fragments found in the north Kent brickearths (cf. Knox 1979) . The rare detrital carbonate grains may also be reworked from these Tertiary strata, or possibly derived directly from the chalk. The upward decrease of these components observed in the brickearth sequence indicates that mixing with sediment derived locally from the Thanet Formation became less important with time.
Brickearth fabric and post-depositional (diagenetic) modification 'Non-calcareous' brickearth 'Non-calcareous' brickearth at Ospringe and Pegwell Bay sites is characterised by a dominantly compact grain-supported fabric of close-packed, angular grains of quartz silt and fine sand, with interstitial clay and fine silt (Fig. 5e, f) . The silt/sand quartz grains are typically interlocked and a gelatinous skin of smectite-illite-kaolinite clay completely coats the grains on which finer quartz particles adhere (Fig. 5f) . The clay forms a meniscus film between the quartz grains in close contact and partially fills the intergranular spaces (Fig. 6a) . Only relatively rarely does the clay form discrete 'bridges' between silt grains that are not in direct physical contact. The fabric is locally heterogeneous, and contains irregularly distributed 'domains' of silt that possess a more open grain framework with significant intergranular porosity (Fig. 5a, b) . Grain-bridging clay fabrics are better developed in these domains but they account for only a very small proportion of the soil volume. Traces of weakly developed ped fabric can sometimes be observed in the 'non-calcareous' brickearth. The peds consist of diffuse, round pellet-like aggregates (0.3-1 mm diameter) of compact silt with a clay matrix; they are often defined in thin section by weakly iron oxide-stained rims (just discernable in Fig. 5a, b) . The peds are close-packed, with more open-packed silt filling the residual space between the peds, although this fabric has largely been destroyed and homogenised through bioturbation by roots and root hairs.
The basal 5-10 cm of the unit is finely laminated; comprising 0.2-0.6 mm laminae of well-sorted fine sand and medium to coarse silt, with scattered grains of wellrounded and angular medium quartz sand. Lamination has been disrupted by fine root channels and also many of these channels are partially collapsed, leaving localised 'domains' of less packed sand and silt up to 0.5-1 mm across. This fine lamination suggests that the lower part of the 'non-calcareous' brickearth may possibly have been deposited in water and/or reworked by water.
The 'non-calcareous' brickearth fabric has been extensively modified by the activity of plant roots. Significant macroporosity is present in the form of fine channel-like voids ranging from 0.1 to 1 mm in diameter (Fig. 5a, b, e) , representing channels left after the decomposition of rootlets and root hairs. These are particularly abundant in the upper 1 m of sediment but are present throughout the brickearth sequence. The fibrous remains of decomposed roots can still be observed in some of these channels. Localised collapse of root channels and infilling with loose silt and clay accounts for some of the fabric heterogeneity described above. Growth of the root hairs compacted the silt adjacent to the walls of the channel for a distance of several grain diameters. Infiltrated (illuvial) clay forms finely laminated films that line the channels, binding the silt in the walls. In addition, fine secondary ferric iron oxide or oxyhydroxide precipitated within these clay films ('ferriargillans') and in the silt matrix adjacent to many of the root channels. Amorphous iron oxide or goethite may cement and further strengthen the root channel walls, and help bond the silt fabric. Secondary iron oxide formation is most abundant towards the upper part of the 'non-calcareous' brickearth, particularly in the palaeosol horizon above 0.62 m (Fig. 2) at the Pegwell Bay site. Disrupted and deformed wispy ('plasmic') fragments of very finely laminated ferruginous clay, similar to the ferriargillans lining the root channels and forming grain cutans (coatings), occur very sporadically. Root bioturbation may have contributed to the disruption of these clay fabrics but this could also have been caused by cryoturbation (Kemp 1985 (Kemp , 1987 Rose et al. 1985; Van Vliet-Lanoë 1985) .
Large open carbonaceous root channels, and fine root hair channels in the lower part of 'non-calcareous' brickearth are often lined by a delicate mesh work of needlefibre calcite (Fig. 6b) : below 1.5 m at Ospringe, and below 0.62 m at Pegwell Bay (mineralogical identity confirmed by XRD of separated calcite fibres). The calcite mesh serves to reinforce and bind silt particles in the walls of the root channels, thereby helping maintain open channel porosity. Individual calcite needles are typically 15-30 lm long (but may be up to 50 lm), \1 lm wide and are smooth-sided. They resemble MA-type needle-fibre calcite related to biomineralisation inside fungal mycelia bundles (Verrecchia and Verrechia 1994) . Needle-fibre calcite is a common feature in both ancient and modern calcretes (Wright 1984; Strong et al. 1992; Becze-Deák et al. 1997; Candy 2002; Kabanov 2005) . Its close association here with root channels and root remains suggests that it is also of biogenic origin and related to saprophytic decay of organic matter (Wright 1984 (Wright , 1986 Phillips and Self 1987; Kabanov 2005 ).
Calcareous brickearth
The lower calcareous brickearth is characterised by a very open framework of angular quartz silt and fine sand (Fig. 6c) . However, the fabric is complex and often displays a well-preserved pelletised structure (Fig. 6d, e) , in which finer silt and clay are segregated into domains of densely-packed silt and clay to form 'rounded' pellets or peds 0.2-1 mm diameter. The peds themselves may be loosely-packed to moderately close-packed but have a very porous inter-ped matrix of coarser open-packed silt and fine sand (Fig. 6c, e) . A very weak sub-horizontal platy or laminar fabric is also observed in places, comprising discontinuous thin layers of coarse silt (1-2 grain diameters The mineralogy and fabric of 'Brickearths' in Kent 1199 thick) separating thicker layers of pellets in the coarse silt/ fine sand matrix (Fig. 6c) . Grain size segregation is also occasionally seen in the formation of 'caps' of fine clay/silt resting on top of coarse sand and gravel clasts (Fig. 6f) . Scattered silt-sized rounded pellets of compact ferruginous clay are also present. These resemble the clay-forming cutans on silt grains and lining root-hair channels, and may represent material derived from such features (sometimes referred to as 'papulized ferriargillan' or 'papules' (e.g. Rose et al. 1985; Van Vliet-Lanoë 1985) . These micromorphological fabrics are characteristic of old climate/ permafrost soils, formed by repeated freeze-thaw (Kemp 1985 (Kemp , 1987 Rose et al. 1985; Van Vliet-Lanoë 1985) and are consistent with other evidence of cryoturbation observed in the pit profiles at Ospringe (see earlier and Fig. 2 ). Silt and fine sand grains are coated with a thick (up to 5 lm) coating of illitic and smectitic clay (Fig. 7a) . These cutans are thicker than those found in the 'non-calcareous' brickearth and a high proportion of grains are completely coated with this clay such that there is often little direct point contact between the silt grains. This clay also partially fills the intergranular pores in the more compacted pelletised (ped) silt domains (cf. 'non-calcareous' brickearth-cf. Fig. 5f ). In the very open-packed coarser silt/ fine sand filling the inter-ped domains, the clay forms very well-developed and extensive meniscus bridges between adjacent silt/sand grains. The silt/sand grains are typically dispersed and separated by 2-15 lm, with little or no direct grain-to-grain point contact, but held in place by the clay bridges that act as buttresses between the silt grains (Fig. 7b) . Similar clay bridging bonds the inter-ped silt/ sand to adjacent silt pellets to form a supporting skeletal fabric. High-resolution SEM observations show that mesh works of very fine needle-fibre calcite also form locally as meniscus bridges between adjacent silt/sand grains (Fig. 7c) . This acicular calcite is much finer than the needle-fibre calcite lining open root cavities seen elsewhere in both the 'non-calcareous' and calcareous brickearths, with individual calcite fibres typically 1-10 lm long and about 0.1 lm wide. In some cases, the calcite acts as a 'scaffold' to support later accumulation of illuviated clay within the pores (Fig. 7d) , thereby encouraging the development of clay bridges. Elsewhere, the fibrous calcite forms meshworks on top of earlier clay bridges. In either case, it serves to reinforce the clay-bridge fabric. The very fine crystal size and the lack of interaction with roots and organic matter indicate that this acicular calcite was not formed within fungal mycelium (MA-type needle-fibre calcite), and it is coarser than bacterially-precipitated calcite microrods (M-type needle-fibre calcite) (cf. Verrecchia and Verrechia 1994) . However, tiny (\1 lm) rhombs of dolomite (its presence in the brickearth confirmed by XRD analyses) occur in close association with this calcite, suggesting that this particular carbonate mineral assemblage and fabric was probably precipitated by evaporation of soil pore water fringes rather than having a biogenic origin.
Like the 'non-calcareous' brickearth, the calcareous brickearth also contains significant macroporosity in the form of abundant root hair channels. These are typically 0.2-1 mm diameter and form an intertwining network of channel-like cavities in the soil. In contrast to the 'noncalcareous' brickearth, these rootlet channels in the calcareous brickearth are not lined by needle-fibre calcite except in the top few centimetres of the unit. Instead, these open rootlet channels are surrounded by a halo of microcrystalline non-ferroan, non-manganoan calcite cement that forms a tightly interlocking mosaic of xenomorphic (anhedral) crystals within the silt matrix (Fig. 7e) . The silt particles are displaced and forced apart by the calcite producing an 'expanded' grain fabric (Fig. 7e ). This calcite cement may penetrate into the silt for several millimetres from the root channel and patches of expanded-fabric calcite cement may develop into small calcrete nodules 1-4 mm in diameter. Some root channels may also be lined with finely laminated micritic calcite, which sometimes preserves the cellular fabric of the original root wall. Both vertical and horizontal calcified root channels display a similar expanded calcite cement fabric.
Limited observations of calcareous brickearth from the Star Lane and Cherry Orchard Lane sites in southeast Essex (see Fig. 1 ) appear to show similar grain fabrics to those seen in calcareous brickearth from Ospringe and Pegwell Bay.
Geotechnical characteristics
Geotechnical index properties
Geotechnical index data of disturbed samples taken within the upper and lower brickearths from the trial pit sections at Ospringe are presented in Table 4 . All tests were undertaken in accordance with British Standard BS1377 (1990 . These data confirm the more plastic (higher clay content) nature of the upper brickearth (liquid and plastic limits averaging 36 and 23 %, respectively), the lower brickearth being of low plasticity to non-plastic (liquid limits averaging 28 % and plastic limits ranging from 20 % to nonplastic). Water content profiles show values averaging 18-19 % for the upper brickearth and 12-13 % for the lower calcareous brickearth. The X-ray diffractometry carried out on the Ospringe brickearths indicates the clay mineral fraction is dominated by smectite throughout the sequence, with subordinate illite and kaolinite and minor quantities of chlorite. These clay minerals fall into the grouping of 'active' or 'normal' clays (Skempton 1953) . However, measured clay activities (Table 4 ) of 0.23-0.68, are similar throughout the upper and lower brickearth, are indicative of 'inactive' clays. This is consistent with a significant proportion of low-activity non-clay minerals being present in both brickearth horizons. As confirmed by the optical and SEM analyses, clay-grade quartz particles (with minor amounts of feldspars) make up a significant proportion of the brickearth clay fraction. In the calcareous brickearth, fine-grained secondary authigenic calcite also contributes to the 'inactive' clay size mineral fraction. Petrographic observations also show that iron oxide (or oxyhydroxide) and calcite act as cements, binding aggregations of clay-grade material into apparent coarser particles ('peds'), and inhibiting dispersion of fine silt and clay during particle size analysis.
Collapse potential
The collapse potential of the sampled brickearths was determined by undertaking single oedometer collapse tests on undisturbed samples following the modified method described by Jennings and Knight (1975) . Test specimens corresponding to a given depth were loaded at natural water contents up to pressures of 100, 200 and 400 kPa and then flooded. Following this, the specimens were incrementally loaded up to a pressure of 800 kPa. One test specimen from the lower calcareous brickearth at Ospringe Pit 2 was incrementally loaded at natural water content to 800 kPa before flooding. Metastable soils may be regarded as those that show a coefficient of collapse, C col (defined as the change in volume or height of a specimen after flooding as a percentage of initial pre-collapse volume/height), of more than 1 % when flooded under imposed loading (Northmore et al. 1996) .
The oedometer tests showed a clear distinction between the collapse potential of the upper and lower brickearths. The upper 'non-calcareous' brickearth showed no evidence of collapse under oedometer loadings, as indicated by C col values ranging from 0 to 0.01 % for specimens flooded at 100 kPa and 0-0.02 % for specimens flooded at 200 and 400 kPa. However, similar collapse oedometer tests on the It should be noted that the collapse potential of the lower calcareous brickearth showed some degree of variability acoss the Ospringe site. For example, oedometer collapse tests on a sample from 2.5 m depth at Ospringe Pit 2 (located c. 100 m north of Pit 1) recorded C col values of 3 % when flooded at 100 and 200 kPa and only 0.8 % when flooded at 400 kPa. No collapse was recorded for the specimen from this location flooded at 800 kPa. This decrease in collapse strain at 400 kPa, reducing to zero at 800 kPa, would appear to reflect the 'yielding' or compression of the interparticle bonds (specifically the bridging clay bonds between quartz silt particles) during these higher loadings prior to flooding, thus decreasing voids ratios and the potential for rapid collapse.
Very similar results were obtained from oedometer collapse tests on upper and lower brickearth samples from Ospringe and from the Pegwell Bay cliff section (Fookes and Best 1969) . Similar collapse behaviour was also recorded by Northmore et al. (1996) for brickearths in south Essex.
The collapse behaviour of these brickearths and the controlling influence of their mineralogy and soil fabrics on the collapse process is considered in more detail below.
In situ cone penetrometer and geophysical profiling As part of the site assessment of the brickearth at the Ospringe site, in situ penetrometer profiling using a lightweight dynamic cone penetrometer to determine the dynamic cone resistance, q d (see Langton 1999) , and geophysical resistivity and shear wave profiling were carried out in order to ascertain property variations areally and with depth across the site. Particular emphasis was placed on tracing the depth and extent of the metastable lower brickearth horizon. The test methodologies and detailed results of these surveys across the Ospringe site are described by Northmore et al. (2008) .
Typical penetrometer profile results obtained adjacent to Ospringe Pit 1 are shown in Fig. 8a same boundary and through the full depth of the lower calcareous brickearth. The mottled sandy gravel layer marking the base of the brickearth sequence results in a further sharp and erratic increase in cone resistance ([5 MPa) before assuming a constant, if slightly erratic, trend through the upper layers of the underlying sand facies of the Thanet Formation. Erratic rapid and large increases in q d values in the mid-lower part of this sandy sequence result from the cone striking scattered flint clasts, a trend that becomes more marked in the basal section of the profile in the gravelly sands of the Bullhead Beds. In situ resistivity profiling was carried out using a small hand-held Wenner array (configured with an electrode spacing of 10 cm) and a resistivity probe with measurements taken at 50 mm intervals down the trial pit faces. The probe was designed to be inserted down existing holes made by the cone penetrometer and enabled resistance point data to be recorded at 0.05 m intervals below ground surface (bgs) to depths of up to 3 m . Benching of the trial pit excavations with guide holes made by the cone penetrometer from the benched surfaces enabled aquisition of a resistivity probe profile through the full depth of the trial pit. Close similarity between the apparent resistivity profiles determined by the probe and hand-held Wenner array is shown in Fig. 8b , where the data can be related to the lithological, penetrometer and water content profiles. The resistivity profiles showed an overall distinction between the upper and lower loessic brickearths, the former consistently recording values of \20 X-m compared to *22-30 X-m in the lower calcareous brickearth. Calcite was observed to occur in a number of forms in the calcareous brickearth, for example, as calcified rootlet channels and nodular calcite concretions. Therefore, taken together with the reduction in water content seen in Fig. 8c , this horizon must contain proportionately less conductive material than the upper brickearth, and an increase in resistivity is to be expected here. Calcrete nodules ranging up to 20-30 mm are a likely explanation for sudden 'peak' increases recorded in resistivity profiles within the calcareous brickearth.
Shear wave velocity data were acquired down a vertical face of Ospringe Pit 1 by a probe consisting of two small piezoelectric bender elements each attached to the end of 0.5 m long PVC tubes, one acting as a receiver and one as a transmitter. The transmitter-receiver pair was installed into pre-formed holes such that their flat faces shared the same plane, with a spacing of nominally 200 mm . The data acquired indicate little variation in the lower 600 mm of the upper, 'non-calcareous' brickearth layer with greater variation above this interval (Fig. 8b) . The mineralogy and fabric of 'Brickearths' in Kent
The velocity variation in the interval from 0.7 to 1.2 m in the upper 'non-calcareous' brickearth is likely to be caused by changes in the material stiffness. Higher velocities are associated with material of increased stiffness possibly due to greater compaction or stronger cementation (possibly related to desiccation) of the upper brickearth fabric. For example, an examined thin section of material from 0.7 m depth showed a cemented fabric. Whereas, a thin section from 1.79 m bgs showed a very porous fabric, with abundant macroporosity present in the form of old rootlet channels, with larger root channels containing relict fibrous organic remains, possibly of decayed root material.
The profile data also indicate marked variation within the whole of the lower calcareous brickearth layer below c. 2.0 m, again due to changes in material stiffness. This may be explained by the shear wave velocity responding to the effect of nodular calcite, calcified rootlet development and irregular calcitic 'cementation' between silt-sized quartz particles forming the brickearth fabric. For example, a thin section from c. 2.1 m depth shows micronodular calcite cement in a quartz silt dominant matrix, displaying an 'expanded' silt grain fabric caused by displacement of silt grains during calcite nodule growth (Fig. 7e) . A sample from 2.35 m had a fine-grained, very open and diffuse calcite cement within fine silt, which preserves a fabric with open root channels. Thus, the highly variable shear wave velocity data appear to be consistent with the calcareous brickearth fabric being relatively heterogeneous in comparison with that of the upper 'non-calcareous' brickearth.
Mineralogical and fabric influences on engineering behaviour
The basic soil properties of particle size, mineralogy, fabric, interparticle bonding, density and water content determine the geotechnical and geophysical responses of soil. This is reflected in the geotechnical, penetrometer and geophysical data acquired through the upper and lower brickearth sequences at Ospringe. Of particular interest are the effects of mineralogical and soil fabric on rapid collapse settlement and the marked differences in the collapse behaviour between the lower and upper brickearths (Northmore et al. 2008; Gunn et al. 2006; Jackson et al. 2006; Zourmpakis et al. 2006) .
The difference in collapse behaviour between the upper 'non-calcareous' and lower calcareous brickearths at Ospringe can be explained by significant differences in their mineral microfabrics. As described above, the noncollapsing upper brickearth is characterised by a closepacked grain fabric of tightly interlocked silt/sand grains, in which a high proportion of the grains are in direct grainto-grain contact (Figs. 5c, e, f, 6a) . Any load applied to the soil would be taken up primarily via grain-to-grain contact between competent and rigid (dominantly quartz) silt grains. Collapse of macroporous root channels may occur but these are volumetrically small and would give rise to only minor collapse. Extensive meniscus clay films are present but largely as drapes around silt grains that are already in close point contact, and play no role in supporting the applied load. Therefore, if the clay were (Fig. 5f ), there is also limited space for any physical rearrangement of grains to accommodate tighter packing. Consequently, this type of brickearth fabric exhibits little or no collapse under saturated loading conditions. Wetting might even result in a slight increase in volume if sufficient smectitic (swelling) clay was present (Table 3 ). This phenomenon might account for the slight swelling observed in collapse tests on addition of water for some brickearths from Essex (Northmore et al. 1996) and from Kent (Derbyshire and Mellors 1988) .
The collapsible lower calcareous brickearth has a more complex structure, comprising two discrete microfabric elements, as demonstrated by fabric observations discussed above in Sect. 5, which will differ in their mechanical properties. Figure 9 provides a useful conceptualisation of these essential elements that make up the brickearth microfabric. Within the domains of pelletised silt/clay, comprised of tightly packed clay-coated silt grains (fabric domain B, Fig. 9 ), loading will largely be borne by grain-tograin contacts. In contrast, the open-packed silt/sand filling the inter-pelletal domains (fabric domain A, Fig. 9 ) have a very high voids ratio, and the silt grains are widely-separated by clay bridges with little direct grain-to-grain contact. In these domains, the applied load is primarily supported by the delicate clay bridges or buttresses that hold the silt particles and adjacent peds in position. Wetting and saturation will cause the clay forming the bridges to soften, disperse and disrupt. Similar behaviour was also observed in loess soils by Klukanova and Sajgalik (1994) . The silt grains will then be unsupported and collapse will ensue. Disruption of the clay bridges will be greatly enhanced when smectite is a significant component of the clay (as in the north Kent brickearths) because this will adsorb significant interlayer water and cause the clay fabric to swell and weaken.
Petrographical evidence indicates that collapse on saturation could occur in up to three stages:
• Stage 1. Dispersion and disruption of clay bridges or buttresses between loosely-packed silt grains, leading to initial rapid collapse of the inter-ped matrix silt (fabric domain A, Fig. 9 ); • Stage 2. After Stage 1, any load will be taken up via the contacts between adjacent compacted silt peds (fabric domain B, Fig. 9 ) and the peds will re-organise into a closer packing; • Stage 3. With increasing load, progressive deformation and shearing of the peds will occur, with further collapse as the peds disaggregate and the component silt particles collapse into the now-unsupported interped regions.
Wetting and saturation will potentially enhance ped disaggregation in Stage 3 by causing dispersion of the clay binding the component silt particles within the peds. SEM examination of samples of brickearth after flooding collapse in oedometer tests, and collected following the Ospringe field collapse trial, reveals the brickearth has been modified to a largely close-packed grain framework similar to that seen in the 'non-calcareous' brickearth. However, traces of the original ped fabrics can still be discerned, and this indicates that Stage 3 did not achieve the maximum possible state of consolidation settlement under the loads applied in either the field and laboratory tests.
Results from oedometer collapse tests showed that the potential for the calcareous brickearth fabric to collapse can be reduced or destroyed if pre-flooding loads result in yielding or compression of the bridging clay bonds between the quartz silt particles. This will result in a decrease in voids ratio, an increase in grain to grain contacts and thus a reduced potential for rapid collapse. Although only minimal or no collapse was consistently recorded for the Ospringe brickearths under pre-flooding loads of 800 kPa, loadings of 400 k Pa on the samples tested showed both reduced and increased values of collapse. This is perhaps indicative of variations in the soil fabric and calcite cementation across the site.
Carbonate diagenesis could have some influence on the collapse behaviour of the brickearth. Calcite and dolomite cements may strengthen the meniscus clay bridges between silt grains and help to bind the grains together. Three variants of clay bridge fabric can be defined in the metastable brickearth based on fabric studies discussed in Sect. 5 ( Fig. 10) : (a) simple clay bridges with no carbonate mineralisation; (b) clay bridges that are formed by deposition of a meniscus of clay supported on a scaffold meshwork of needle-fibre calcite deposited as an earlier meniscus film between grains (as shown in Fig. 7d) ; and (c) clay bridges that have been encrusted and impregnated by later micritic calcite and dolomite. The carbonate mineralisation in type (b) and type (c) will reinforce the clay bridges and potentially reduce dispersion of the clay upon wetting. However, both of these fabrics are relatively minor features and most of the clay bridges present in the collapsing brickearth are of type (a). This is important because it shows that the carbonate mineral fabrics are not an essential feature of the collapsing brickearth.
Micritic and microsparry calcite cementation associated with the replacement (calcification) of ancient roots and the development of patchy nodular calcrete cements may strengthen the soil fabric locally and reduce compaction. This is evident from SEM observations of the post-collapse brickearth fabric in field and laboratory tests, which show the relatively large voids in calcareous root channels are still preserved in the post-collapse soil. These have been kept open by the presence of the rhizolithic calcrete cement that binds the peds and silt particles in the walls of these features.
Relationship between calcareous and 'non-calcareous' brickearth and the development of the metastable brickearth fabric
It is important to consider how the metastable brickearth fabric developed in order to understand the distribution of collapsible loessic deposits. The role of grain bridging clay and clay buttress structures in binding the metastable silt grain fabric has been identified in previous studies of brickearth and other loessic deposits (Derbyshire et al. 1994; Derbyshire and Mellors 1988; Northmore et al. 1996; Bell et al. 2003) . Derbyshire and Mellors (1988) commented that clay buttresses, formed between widely separated grains, might be indicative of in situ aeolian deposits, since such features would be destroyed by reworking in running water, slurry flow or solifluction. Gao (1988) also recognised the importance of a loose-packed aggregate grain framework in collapsible loess from China. He attributed aggregate grain formation to a 'loessisation' process involving flocculation of clay/silt particles during wetting under humid conditions, followed by stabilization of the aggregates by weak carbonate cements precipitated during arid periods. Both of these fabric elements are important in the metastable brickearth from north Kent (and in the more limited samples examined from south Essex). Gao (1988) suggested that loess might lose its metastability through softening and destruction of the pelloidal fabric during weathering and by leaching of the carbonate cements under wetter climatic conditions. Previous studies have also suggested that the upper, darker, 'non-calcareous' brickearth in Kent represents the decalcified or leached top of the calcareous brickearth, and that these two types of brickearth are contemporaneous (Kerney 1965; Weir et al. 1971; Catt 1988; Derbyshire and Mellors 1988; Antoine et al. 2003) . However, this does not account for the differences in properties between the upper (noncollapsible) 'non-calcareous' brickearth and lower (collapsible) calcareous brickearth from the two areas of north Kent examined in the present study.
The present study has found no evidence for decalcification in the upper unit. Despite being described as 'noncalcareous,' our petrographical analyses show that primary detrital carbonate grains (including reworked detrital clasts of chalk and foraminifera fragments in a micritic calcite matrix) are present as accessory components and that they display no evidence of corrosion or dissolution. This study has found evidence to indicate that 'non-calcareous' brickearth and calcareous brickearth are discretely different sedimentary units. An erosion surface at the junction Fig. 10 Schematic illustrating three types of clay bridge fabric discriminated in collapsing brickearth: a simple clay meniscus films; b clay films developed on a scaffold of an earlier meniscus precipitate of fibrous calcite; c clay films permeated or encrusted by microcrystalline (micritic) calcite and/or dolomite between the two units can clearly be seen in the sedimentary profiles at both study sites. This is defined by a sharp colour change and truncation of calcified root structures and associated rhizolithic calcrete at the top of the calcareous brickearth. Further detailed SEM observations of silt/fine sand quartz surfaces (following removal of clay cutans by ultrasonic cleaning) show that the morphological characteristics of the quartz grains (the major component of the sediment) are different between the two brickearth horizons (Fig. 11) . There is a decrease in the proportion of corroded quartz grains from the Thanet Formation through the calcareous brickearth to the 'noncalcareous' brickearth. However, the most striking difference is in the relative proportions of angular grains with sharp edges and abraded or rounded grains. About 50 % of the silt/fine sand in the upper 'non-calcareous' brickearth are angular grains with sharp edges, whilst \20 % of the grains are abraded with rounded edges. This is in marked contrast with the lower calcareous brickearth, where approximately 50 % of the silt/fine sand are rounded and abraded, whereas \25 % of the grains are angular with sharp edges. Similar results were found for both the Ospringe and the Pegwell Bay sites. The silt/sand grain characteristics in the calcareous brickearth show more similarity to those found in the underlying Thanet Formation, suggesting that reworking of these local strata may have provided much of the quartz silt for the calcareous brickearth sediment. In contrast, the much higher proportion of angular silt/sand in the 'non-calcareous' brickearth would probably be more consistent with a dominant source of angular silt freshly derived from distal glacial material (cf. Krinsley and Doornkamp 1973) re-worked from outwash sandurs in the North Sea Basin area. Furthermore, OSL dating of samples from immediately above and immediately below the junction between the two types of brickearth also points to them being of significantly different age at both sites (Table 5) .
The formation of a metastable fabric in the calcareous brickearth of north Kent may be related to periglacial freeze-thaw processes. Evidence of cryoturbation of clay laminae was observed in the calcareous brickearth from Ospringe ( Fig. 2) and extensive frost-shattering can be seen in the underlying chalk and Thanet Formation at Pegwell Bay (Kerney 1965) . Micromorphological fabrics, including silt/clay-capped coarse grains, pelletised ferriargillans ('papules,' cf. Tarnocai and Smith 1989) and plasmic clay fragments found in the 'non-calcareous' brickearth are characteristic of cold climate/permafrost soils; they are formed by repeated freeze-thaw (Kemp 1985 (Kemp , 1987 Rose et al. 1985; Van Vliet-Lanoë 1985) , and are consistent with cryoturbation observed at Ospringe. Freeze/thaw and cryodessication of clay-rich soils can also produce grain aggregation, and once produced these aggregates can be difficult to disperse when the ice melts because they have been compacted by expanding ice crystals in the soil (Van Vliet-Lanoë 1985) . The action of porewater solutes may also be very important in stabilising the aggregates. Freezing increases salt concentration in the porewater and encourages flocculation of clay minerals. Very stable aggregates can be produced by these processes and are frequently re-worked in fluvial or colluvial deposits, forming soft pellets (Van Vliet-Lanoë 1985) . Cavities (vesicles) commonly form in soils subject to freezing and thawing caused either by air expulsion or crystal 'heave' during ice growth; significant inter-particle and inter-aggregate porosity can arise (Fitzpatrick 1956; Coutard and Mücher 1985; Van Vliet-Lanoë 1985) . On thawing, meltwater can percolate deep into the soil profile. The high dielectric properties of this water can cause dispersion of weakly stabilised aggregates and result in macro-and micro-erosion within the soil profile. In turn, this can allow illuvial transport and accumulation at depth of fine particles ranging from clays (if the pH is neutral) to silt and fine sand (Van Vliet-Lanoë 1985) . These periglacial processes could potentially have produced the fabrics observed in the calcareous brickearth of north Kent, with the pelletisation and grain aggregation coupled with development of a loosepacked ped structure occurring during freezing, and translocation and illuvial transport and deposition of clay cutans, clay bridges and loose inter-ped-silt taking place during thawing cycles.
The upper 'non-calcareous' brickearth could represent a head or solifluction deposit that has moved or 'sludged' across the lower calcareous sequence from higher ground, although there may have been erosion and some period of time preceding its emplacement (Holmes 1981) . The poor zeroing of the OSL data for this material (Clarke et al. 2007 ) might also support this suggestion. The low plasticity indices of the brickearth materials (Northmore et al. 1996 (Northmore et al. , 2008 indicate that they are prone to lose strength and flow when water contents are high, particularly in a saturated surface layer overlying otherwise frozen ground. This process would have destroyed any cryogenic fabrics that may have originally been present and may be responsible for the lack of metastability. There is no petrographical evidence of any fabrics that might indicate alluvial reworking of loess in the upper 'non-calcareous' brickearth at the two study sites.
Conclusions
Detailed mineralogical and petrographical analysis of two brickearth profiles from Ospringe and Pegwell Bay in north Kent (supplemented by limited observations from other brickearth deposits in southern England) have differentiated Fig. 11 Variation in the proportion of quartz silt grains with different morphological characteristics in the brickearth and Thanet Formation from Ospringe two types of brickearth fabric that can be correlated with their different engineering behaviour. The brickearth sequence at both study sites comprises metastable (collapsing) calcareous brickearth overlain by non-collapsing 'noncalcareous' brickearth. Although previous studies have suggested that the upper horizon is the leached and decalcified equivalent of the underlying calcareous unit, this study has found no evidence for decalcification. Instead we demonstrate the two types of brickearth are discretely different units. There is clear evidence for an erosional contact between the two units, with the development of a palaeosol horizon at the top of the calcareous brickearth, associated with the formation of rhizolithic calcrete, indicative of soil formation under arid or semi-arid conditions. The lower calcareous brickearth also has mineralogical characteristics that indicate that a significant proportion of the sediment has been derived from the local Thanet Formation sand, whereas the upper 'non-calcareous' brickearth has characteristics that suggest a higher component of material derived from glacial detritus (probably sourced from the North Sea Basin). Significantly differences in OSL dates obtained from above and below the junction between the two brickearths (Clarke et al. 2007 ) also lend support for the two types of brickearth being of different origin.
The lower calcareous brickearth is characterised by a fabric comprising an open-packed arrangement of pelletised aggregate grains or peds (consisting of compacted silt/clay). This is supported by an inter-ped matrix of loosepacked silt/fine sand grains held in place by an extensive and rigid skeletal framework of illuviated clay that form meniscus clay bridges and pillars between the component silt/sand grains. The silt/sand grains are entirely surrounded by thick clay cutans. There is little direct grain-to-grain contact and the brickearth has a very high void ratio. Any applied load is largely supported by these delicate meniscus clay bridge and pillar microfabrics. Collapse of this brickearth can be explained by a sequence of process involving: (1) dispersion and disruption of the grain-bridging clay upon saturation, leading to initial rapid collapse of the loose-packed inter-ped silt/sand; (2) rearrangement and closer stacking of the compact aggregate silt/clay peds; (3) with increasing stress, further consolidation may result from the deformation and break up of the peds as they collapse into the inter-ped regions. The presence of significant smectite within the clay component will serve to aid dispersion and disruption of these clay fabrics as the smectite will swell on wetting. In contrast, the fabric of the 'non-calcareous' brickearth already possesses a closepacked and interlocking arrangement of silt/sand grains. Consequently, there is virtually no physical space for rapid collapse when saturated under applied loadings.
Minor calcite and dolomite mineralisation may also form meniscus cements between silt grains. These have either acted as scaffolds on which illuviated clay has subsequently been deposited or have encrusted earlier-formed grain-bridging clay. In either case the carbonates may help to reinforce the clay bridge fabrics. However, these carbonate features are a relatively minor feature and not an essential component of the collapsible brickearth fabric.
The origin and development of the metastable brickearth fabric is potentially important for understanding the distribution of collapsible brickearth. Evidence of cryoturbation and micromorphological features observed in thin sections suggests that the calcareous brickearth fabric has been influenced by periglacial freeze-thaw processes. Freezing, coupled with illuviation of clay during thawing, is probably responsible for forming the metastable pelleted and loose-packed clay-bridge grain fabrics now present. In contrast, the upper 'non-calcareous' brickearth may represent a head or solifluction deposit. Mass movement during solifluction will have destroyed any delicate grainbridging clay microfabrics if they were originally present in this material.
The approach taken in this study to identify and explain the formation of collapsible and non-collapsible fabrics present in the loessic brickearth from north Kent is applicable to other loessic deposits. Such microfabric studies and the soil structures defined are fundamental for understanding and assessing the collapse potential and mechanisms involved when these deposits are saturated under engineering loads, and are of critical importance for designing and implementing appropriate remedial measures to mitigate the effects of such collapse. The mineralogy and fabric of 'Brickearths' in Kent 1209
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